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FU?SULTS OF TWO -S ON FLUTTER OF 

HIGE-ASPECT-RA!TLO SWEPT WINGS IN 

By W. T. Lauten, Jr., &nd Burke R. 0 *Kelly 

ElummEY 

, Flut ter  data obfained.by  use of rocket-propelled vehicles in the 
transonic speed  range fo r  t w o  pairs  of high-aspect-ratio swept w i n g s  
are  presented  herein. Two wings, -swept 45O, f lu t t e r ed   a t   a  Mach number . 
of 0.89 and the  other two wings, swept 60°, f lu t t e r ed -a t   a  Mach  number 
of 1.09. . .  

A reference  f lut ter  speed was calculated by means of a theory 
which includes  effects of mode shape and sweep- and involves  the  use of 
two-dimensional flutter derivatives  based on flow normal t o  the wing. 
The agreement between the  calculated and .easured f l u t t e r  speeds was 
very g o d ,  the  experimental  values  being  slightly  higher  in each  case. 
The’closeness of the agreement indicates that the method of calculation 
gives.  usable  results in  the  transanic speed  range f o r  swept wings of 
high aspect  ratio,  provided  that  the normal-flow Mach  number i s  suff i -  
c ient ly  subsonic. A comparison of the test r e s u l t s  with previous experi- 
ments on straiat wings of comparable aspect  ratio  indicates that the 
turn-up-of th’e curve of flutter-speed coeff‘icient against Mach number 
l i e s   a t  higher Mach numbers f o r  swept wings than for   the  unswept w i n g s .  

Ir 

INTRODUCTION 

The effect  of sweep on t h e   b a n g - t o r s i o n   f l u t t e r   c h a r a c t e r i s t i c s  
of wings i s  ,being investigated by the.Nationa1  Advisory Committee for 
Aeronautics by various methods, inc ludingfree- f l igh t   t es t s  of rocket- 
propelled  vehicles and f ree ly- fa l l ing   bd ies , ,  wind-tunnel  investigations, 
and theoretical   studies  (refs.  1 t o  4) .- For some t e s t s  of ‘swept w i n g s  
of low aspect  ratio  (refs.  1 and 3) it has been indicated that the  tran- 
sonic. region was’ 
of flutter-.speed 

! 

t he   c r i t i ca l  one; tha t  is, that   the  turn-up of the curve , 

coefficient  -against Mach  number would usually  take  place . 

~. 
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i n   t h a t  region. It was known, however,_tkat  exceptions to   these  resul ts  R -  

did exist. " 

In order   to  extend  the work reported i n  references 1 and 3 t o  higher a '  

aspect  ratios,  the two tests  reported  herein were performed. Since  the 
primary  objective of the   t es t s  was, to   invest igate   effects  of sweep' on 
the   f l u t t e r  of high-aspect-ratio wings in the  transonic speed  range, one 
pa i r  of wings was swept 45O and the  other pair was swept 60°. Both pairs 
were constructed  with  the  relatively  high  length-to-root-chord  ratio 
of 5.66, giving  aspect  ratios o f  8.01 and  4.25 f o r  the 45' and 600 wings, 
respe.ctively. I n  order t o  simulat-e more closely  the wings  which are  being 
considered  for  transonic bombers, the wings were tapered. 

* .  . 

. .  

SYMBOLS 

A 

a- 

b 

F 

aspect  ratio  (including b d y  intercept) 

nondimensional wing-elastic-axis  position measured  from 

midchord, positive rearward, - 2% - 1 m .  

100 
a 

nondimensional wing center of gravity measured  from  midchord, 

positive rearward., - 2x1 - 1 " 

100 

semichord of t e s t  wing normal t o  quarter-chord  line, f t  
- 

Displacement of  any spanwise section 
Displacement of t i p  

calculated mode shape, ." . 

frequency, cps . 

acceleration due t o  gravity, 32.2 f't/sec 2 

polar mas! moment of i ne r t i a  about .elastic  axis  per  unit  
Length, ft-lb-sec2/f% 

m S 6  ratio,  m/mb2 

exposed length of wing, measured along  quarter chord, in. 
sweepback, deg 

taper   ra t io  of exposed wing panel 
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M ' .  ' Mach number 

m mass o.f wing per unit length, slugs/f t  

P a i r  density,  slugs/cu ft 

cl free-stream dynamic pressurh, lb/sq ft 

t time, sec 

V f lut ter   veloci ty ,  fps  

X0 distance af e las t ic   ax is  of  wing section behind leading 
edge, measured perpendicular t o  t h e   q ~ r t e r - c h o r d  line, 
percent chord 

xl distance of center of  gravity of  wing section behind leafing 
edge, measured perpendicular t o  the  quarter chord line, 
percent chord. 

Subscripts: 

e experimental  values  obtained a t  t h e   s t a r t ' o f   f l u t t e r  

R calculated values based on two-dimensional incompressible- 
flow theory,  reference 4- 

hl f i r s t  bending 

h2 second  bending 

=1 f i r s t   to rs ion  

MODELS AWD INS-ION 

T e a t  Vehicle 

The' f lut ter  test   vehicle,  .as shown in  f igures  1 and 2, was essen- 
t i a l l y  an airplane  .configuration  with four tai l  surfac-es t o  provide 
s t a b i l i t y  in pitch and yaw. In order t o  remove the tail. surfacea  as 
much as possible n o m  the downwash f i e l d  of  t he   t e s t  wings f o r  the 

I 
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near-zero  angle-of-attack  condition,  they were interdigitated 45O with '  
respect  to  the test wings. The origin of the  longitudinal  coordinate 
system in  f igure 3- is  located  wherethe n08e of the  rocket would come 
' t o  a poLnt i f  the  angle-of-attack boom were not  attached. It may be 
seen in   f igure 2 that m o d e l  606 carried 45O swept  wings and tha t  
model 607 carried 60° swept  wings. 'An aluminum-alloy casting was used 
t o  provide  both a r igid mounting for   the  wing8 and a thrusting  surface 
for  the  %inch  cordite  rocket motor. This  casting was designed  with 
long s lo t s  on each  side so tha t  wings of various  sizes sxld plan forms 
could be mounted  on the model with  the mean aerodynamic chord of-the' 
wings in the  desired  locat ion  re la t ive  to   the  center   ofgravi ty  of the 
model. , The complete m o d e l  without fuel weighed 9 8 . 3  pounds, the   fue l  

9.75 slug-  fee@. 

. .  

- weighed 26 pounds, and the moment of iner t ia   in   p i tch ,  when loaded, was 
. . 

In order t o  avoid  excessive  accelerations  during  that  portion of  
the flight &ere f l u t t e r  was emected  the models were designed -to be 
accelerated by boosters  of  various  sizes up t o  the desired  speeq range 
and, after booster  separation, a rocket motor i n   t h e  model propelled it 
through this  range at' a relat ively low acceleration.  This arrangement 
resulted in a test range  of Mach numbers l o r  model 606 from 0.6 t o  
approxirtktely  1.2 and f o r   m d e l  607 from 0.9 t o  approximately 1.5. The 
average  acce1,eration in  both  ranges was about 7g. 1 

4 

. .  
h .  

Flut te r  Wings c - I  

The-four   f lut ter  wings were constructed of laminated msple-and were 
- - ,  

made as nearly  identical   structurally as possible. The  two wings of 
model 606 had the  quarter-chord  1hie swept back 45O, an aspect  ratio 
of 8.01, a taper   ra t io  of 0.-54, and an MACA 63009 a i r fo i l   s ec t ion   i n  
the  free-stream  direction. The two wings of model 607 were the same as 
those of m o d e l  606 except that the  quarter-chord l i ne  was ro t a t ed   t o  
6oo sweepback result ing in an aspect   ra t io  'of 4.25 and a free-stream' 
thickness  ratio of approxi-tely 6.3 percent.  Parameters of the wings 
which did not vary  along  the  length are listed in   t ab le  I and parameters 
which varied  along  the  length  are  listed,  in  table 11. The t ip   s t a t ion  
(s ta t ion 9 )  was taken a t t h e   i n t e r s e c t i o n  of the  quarter-chord  line and 
the  t ip .  The increment of ' the   length between s ta t ions was 4 inches. All 
chordwi-ae  measurements  were made perpendicular t o   t h e  quarter-chord  line. 5 

I 
: I  

" 

Since f o r  a  swept  wing there is no e las t ic   ax is   in   the  commonly 
accepted  sense  of  the term the Values given in table I are an average, 
in  the  lengthwise  direction,  opthe  values determined for   the  f lexural  
centers. The flexural  center, as determined for .  spanwise s ta t ions 1 
through 8, .is the chordwise point of the  s ta t ion under consideration c 

where a paint load may be applied normal t o  the plane of the wing with- 
out  causing  rotation of the  loaded'station  in  the  plane normal t o  th'e 

L 

. .  - 
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* quarter-chord  lfne of the wing. The Tiariati& in  these  values amount&- 
. t o .  about 5 percent of the wing chord. 

.. 
Instrumentation and T e s t  Procedure .. 

A nine-channel  telemeter was installed in each model and was 
' designed- t o  give  continuous  indications of the wing bending and torsional 

. oscil lations by use of s t r a i n  gages mounted near  the roots  of  the wing. 
The strain-gage  patches- may be seen in   f i gu re  2. Longitudinal  acceler- 
ation, noimal acceleration a t  the model center of gravity,  total  pres- 

. sure, s ta t ic ,pressure,  and the  angle  ofrattack of the m c d e l s  were also 
transmitted  contihuously. . .  

\ 

I 

Velocity of the models was 'obtained by a continuous-wave  Doppler 
velocineter  radar and the  f l ight  paths were obtained by reduction of. 
data from a pulse-type  tracking.radar. Atmospheric conditions  pre- 
vai l ing a t  the  time of the flights were obtained from d i o s o n d e s .  The 
fli&ts of the models  were recorded'durhg  the  early  stages by motion- 
picture -camenis located  near  the  launchfng  area. . 

The mdels  were launched at  the Langley Pi lot less   Aircraf t  Researkh 
Station, Wallops Island, Va. r 

RF1ISULTS AND DISCUSSION 

Exgerimentai resul ts  and the  calculated  f lut ter  speeds  and fre- 
quencies f o r  the two pairs  of-wings are presented in table  111. Fig- 
ure 3 shows the variation of .velocity, Mach number, and density  with 

' time f o r  each of the models. 

The 45O swept wings f l u t t e r e d   a t  a,Mach number of 0.89 (982 fee t  
per  second),,cantinued t o  f lut ter- through  the maximum speed attained in , 

t h e   t e s t  (1292 fee t   per  second, M =. 1.,115) &d stopped f l u t t e r i n g   a t  a 
Mach number  of 0.84 (926 feet   per  second). There is' no indication that 
e i ther  wtng failed. The' 600 swept wings f l u t t e r e d   a t  a hch number 
of 1.09 (1208 feet   per  second),  continued t o  f l u t t e r  through the maximum 
speed at ta ined  in- the,   tes t  (1663 feet   per second, M = 1.52), yd stopped 
f lu t te r ing  a t  a Mach  number of 1.03 (1132. 'feet per  second). A t  the 
m a x i m u m  speed of the test of model 607, t h e   f l u t t e r  had decreased con- 
siderably in amplitude from the   in i t ia l   va lue  which leads t o  the  belief 
t ha t  the model: nearly  passed from a range of Mach numbers in which the 
wing f lut tered t o  a higher Mach  number range-where no f l u t t e r  would 
occur. That portion of the  telemeter  record on wbich are  recorded  the . I 

signals from the  r ight wing bending and torsion gages, t o t a l  pressure, 
and s ta t ic   pressure is shown in figure -4. .The decrease in  amplitude may 

! 

I 
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be seen by  comparing the  strain-gage  traces at 4 seconds ' t o  those a t  
the maximum velocity of the test, 5.7 seconds. 

The records  of normal acceleration of the two  models show a maximum 
acceleration of the model center of gravity of approximately 25g'which 
i s  equivalent,  at-the  flutter k-equency, t o  a vertical  translation- of 
about iO.01 inch. Immediately pr ior   to   f lut ter ,   the   angle  of attack 
was 0.35O. It is  fe l t  tha t  body motion and angle of a t tack of t h i s  
order of magnitude would have no appreciable  effect on the   f l u t t e r  of 
these wings. 

In order  that   the  results may be readily compared with  previous 
tes t s ,  a theoretical, . o r  reference,   f lutter speed.. VR ' was calculated 
by the method of reference 4; tha t  i s  to  say-on  the basis of two- 
dimensional f low (strip  analysis),  ,with  calculated mode shapes  (Rayleigh- 
R i t z  procedare) and with  account  taken of the  angle of  sweep.  Aero- , 

ayaamic coefficients  for two-dimensional incompressible flow were 
employed i n  conjunction  with two degrees  offreedom. The  mode shapes 
were those of f irst  bending and first torsion of a tapered  cantilever 
beam, calculated from the knm stiffness ,  mass, and inertia  properties 
of the wings. The frequencies used were the uncoupled first-bending 
and first-torsional  frequencies,  respectively, f o r  each wing. The 
density used was the  densfty a t  which f l u t t e r  etarted.  

' With reference to   t he   e f f ec t  of aspect  ratio it may be pertinent 
t o  note a t   th i s   po in t   tha t   in   re fe rence  1 it-was' reported  that no f l u t t e r  
occurred up t o  a maximum test  Mach number of  1.45 in t he   t e s t s  of a pa i r  
of 45O swept  wings (A. =.3 .93)  and a pa i r  of 6O0 swept  wings (A = 2.16): 
Flutter  did occur in   the   t ea t s  of models  606  and 607 (A = 8.01 and 4.25, 
respectively) a t  Mach numbers considerably less than 1.45 even though 
the.   reference  f lutter speeds of the wings, of models 6-06 and 607 are  , 

slightly  higher than those  calculated  for  the wings of corre-sponding 
sweep reported i n  reference 1. Since  the w i ~ s  reported  herein and the 
wings  reported in reference 1 are  quite similar except in aspect  ratio, 
the  difrer ing  experimental   resul ts   are   fe l t   to  be due to the  effects of 
aspect  ratio. 

Figure 5, which is  a plot of V/V, and Ve/Va against Mach  number, 
presents  the  pertinent  flutter  data  obtained i n  this  investigation and 
also some data from previous  investigationa of straight- wings (shown by 
the  solid curve) for  comparison purposes. With reference  f i rs t   to   the 
present   tes ts ,   the   f lut ter   t race depi-cting  the.Mach number range  through 
which the models f l u t t e r  i s  shown .by  the  cross-hatched  areas. It can  be 
seen from the  f igure  that   the speed a t   t h e  beginning of f l u t t e r  V, and 
the  reference f l u t t e r  speed VR compare very  well  for  both models. For 
model 606 ( 4 5 O  sweep) the  ra t io  Ve/VR was 1.053 f o r   t h e   l e f t  wing and 
1.011 for   the right. For model 607 (600 sweep) the   r a t io  WBEI 1.029 for  - - 
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. 
the l e f t  wing and 1.020 fo r   t he  right. Such excellent -agreement i s  not 
t o  be expected.in  every  case and must be considered partly fortuitous; 
nevertheless -it indicates that the method of 'calculat iop  ut i l ized pro- 
vides  usable  results in  the  transonic  region. .This method involves the 

normal t o  the wing and includes  effects of sweep'and mode shape. 
- use of f lu t te r   der iva t ives ' for  two-dimensional, incompressible f l o w  

The two curves shown i n  figure 5 are f l u t t e r  boundary lines. The 
so l id  curve i s  a composite experfmental-flutter  curve for untapered, 
unswept  wings, taken from figure 6 .of reference 5. The dashea curve is  
an estimated  f lutter ,curve for   the 60° swept wing dram by using the . - 

points of the  begfnning  of f l u t t e r  of the tests reported  herein and by 
enveloping the  region of f l u t t e r  by a curve  approximating the shape of 
the curve for   the  unswept wings. The swept and unswept wings from w h i c h  

. the  data w e r e  obtained  haire,about  the same aspect ratio (hi&) and 
center-section-of-gravity  location;  therefore, a conpariaon of the two 
sets of data should indicate the effects of sweep i n  the transonfc 

- region. A s  may be seen from a comparison of the so l id  and the dashed 
~. curves, the  supersonic  flutter- free region  for  the swept wings, indi- 

. .  
. .  

cated by the  t&n-up of  the dashed  curve, lies, as suggested in  refer- 
n ence 6, a t  a higher Mach number than   for - the  unswept wings. 

CONCLUDING FEMAFKs 

F lu t te r  has been  obtained i n  the tran~lonic range  with two pairs of  . 
high-aspect-ratio swept wings at  speeds which are in good agreement with 
those  calculated by incoqresaible-flow  theory. The indication i s  tha t  . 
the  use  of incompresslble two-dimensional-flow f l u t t e r  deri-tivea based 
on flow normal t o   t h e  %ring i s  va l id  in the  transonic  speed range fo r  
swept wings of  high  aspect ratio provided that the normal f low Mach num- 
'ber is  suff jc ient ly  subsonic. There i s  the  further  indication  that   the 
turn-up  of the experimental f l u t t e r   c u v e  presented in NACA RM'LgB25b 
is moved t o  a higher Mach number range f o r  swept wings  of re la t ive ly  
high  aspect  ratio. 

t 

. .  

Langley Aeronaut'ical  Laboratory 
National  Advisory Committee f o r  Aeronautics 

Langley Field, Va. 
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TABL;EI - 

CONSTANT WING P- 

Parameter 

2, in. . . . . . . . .  
A .  . . . . . . . . . . .  
xl, percent  chord . . 
X;, percent chord . . 

- a . . . . . . . . . . . .  
&+x, -. . . . . . .  
*p . . . . . . . . . . .  
2 r . . .  

fhl, cps . . . . . . .  

fal' - 

f 'cps . . . . . .  
h2' 

cps . . . . . .  
A, deg . . . . . . .  - .. ". x . . . . . . . . . .  

Wing 

606 Left 

38 75 
8.01 
44.05 
64.75 
0.295 ' 

-0.119 
64.1 
0.424 
16.5 

. .  74.0, 
109.4 

45 
0 -54 

.606 Rf@t 

. 38.75 
~ 8.01 
44.05 
58- 70 
0.174 
-0.119 

70.5 
0 3395 
17. o 

. 74.5 - 
119.8 

45 

c 

0.54 

607- Right 

37.5 
4.25 
44.05 
59 ,74 
.Os 195 
-0.119 
59.. 3 

0.3516 
21.0 

89. (3 . -  
117.3 

6 0 .  
0.54 

, - *  A t  standard conditions. c 
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Station 

SP 

0 

1 

2 

3 

4 

5 

6 

7 

8 

9 

TABLFl 11 

ANWISE VARIATION OF WING PAR 

' L  

b 
(ft) 

. 0.287 

273 

259 

.245 

.231 

,217 

.203 

.189 

0 175 

.161 

Fhl 

0 

.014 

,056 

,127 

.225 

349 

493 

.656. 

.826 

1.000 

"I 

F 

0 

. lo7 

.230 

363 

.506 

.647 

777 

.8go 

969 

1.000 

Fraction of 

0 

.111 

.222 

333 

.444 

555 

.667 

778 

.a89 

1.000 

L 

I 

I 
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Parameter 

M e .  . . . . . a .  

ve, fps . . . . . 
f,, cps . . . . . 
Pet slug/cu ft . . 
q, lb/sq f t  . . . 
pe . . . . . . . . 
v,, m s  . . . . . 
fR, cps . . . . . . - 
Ve/VR .. .- - 

T 

TABLE III 

ExpERlMEEaTAL FLUTTER DATA . 

- wiag 

606 L e f t  

0.89 
982 
64 

0.002l4 
1074 

71-25 
933 

' 60.8, 
1.053 

606 Right 

0.89 
982 
64 

O.OO214 
1074- 

78.4-0 
971 

62.4 
1.011 

607 Right 

1. og 
1208 

59 
0.002353 

1717 
59-98 
n84 

~ 60.8 
I. 020 

1 

. .  
I 

I 
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Figure 1.-. Sketch of f ly t t e r  t e s t  yehicle. A i l .  dimensions are in Inches.: 
. .  . 



Figure 2.- Laboratory photographs of mOdelS. 

a 

. . .  . .  



. .  
I 

I ,  

I 

(b) Top ,view of model 607. 

Figure 2,- ContiIlmd. 
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Figure 3.- Variation bf velocity, Mach number, and air density with time 
fo r  models 606 and €07. 
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(b) Variation of velocity and Mach number for model 607, 

Figure 3.- Continued. 
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Figure 5.- - ' m a  - plo t ted  as a function of Mach number. 
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